Abstract. In this paper we provide an overview of translinear circuit design using MOS transistors operating in subthreshold region. We contrast the bipolar and MOS subthreshold characteristics and extend the translinear principle to the subthreshold MOS ohmic region through a drain/source current decomposition. A front/back-gate current decomposition is adopted; this facilitates the analysis of translinear loops, including multiple input floating gate MOS transistors. Circuit examples drawn from working systems designed and fabricated in standard digital CMOS oriented process are used as vehicles to illustrate key design considerations, systematic analysis procedures, and limitations imposed by the structure and physics of MOS transistors. Finally, we present the design of an analog VLSI "translinear system" with over 590,000 transistors in subthreshold CMOS. This performs phototransduction, amplification, edge enhancement and local gain control at the pixel level.
Introduction
The Translinear principle [1] exploits the exponential current-voltage non-linearity in semiconductor devices and offers a powerful circuit analysis and synthesis [2] framework. Originally formulated for bipolar transistors [1] , this principle enables the design of analog circuits that perform complex computations in the current-domain including products, quotients, and power terms with fixed exponents [1], [2] . Translinear circuits perform these computations without using differential voltage signals and are amenable to devicelevel circuit design methodology.
Most of the work on translinear circuits todate, use bipolar transistors and the emphasis is on high precision and high speed. One fascinating aspect of translinear circuits is their insensitivity to isothermal temperature variations, though the currents in its constitutive elements (the transistors) are exponentially dependent on temperature. The effect of small local variations in fabrication parameters can also be shown to be temperature independent. An excellent up-to-date overview of translinear current-mode analog circuits using bipolar transistors can be found in [3] .
The increased commercial interest in analog CMOS LSI and VLSI has renewed interest in the translinear principle for MOS circuit design. A generalized form of the translinear principle was recently proposed for MOS operating above threshold [4] ; this extension however does not follow the original definition of a translinear circuit [1] . This extension is simply a design principle that exploits conservation of energy (KVL) around circuit loops which have specific topological properties. A novel class of translinear circuits that employs multiple input gates, with floating gate MOS transistors in subthreshold has been recently proposed and experimentally demonstrated [20] .
Another exciting research area that emerged the last few years, is the synthesis of analog VLSI for sensory information processing systems [7] In this paper, we discuss experimental circuit designs based on the translinear properties of subthreshold MOS transistors in the saturation and ohmic regions. Our objective is to present a comprehensive overview on this subject, beginning with the basic devices and circuits, and following it through to the system level. The discussion of subthreshold MOS models, and their characteristics and limitations can be found in other excellent references (for example [5] , [6] ). However, a basic review of subthreshold MOS and bipolar operation, is provided since the large signal properties of the devices are key to the subject matter. Most of the circuit examples given, have been used in analog LSI and VLSI systems that have been fabricated and tested functional. The value of these circuits can only be fully appreciated in the context of the systems that employ them; references to the original journal articles are given.
The paper is divided into six sections. Section 2 contrasts the translinear properties of bipolar transistors with those of MOS transistors in subthreshold. Basic circuit techniques that employ MOS transistors in subthreshold saturation and ohmic regimes are introduced in section 3. In the same section, we discuss both translinear loops (TL) composed of generalized diodes and current sources, and translinear networks (TN) that include voltage sources as well. Section 4, focuses on an analog VLSI translinear system, a contrast-sensitive, silicon retina [17] . A discussion of MOS device limitations and deviations from the first order large signal models that ultimately affect circuit and system performance is presented in section 5. Section 6 concludes the paper.
Translinear Devices
We begin the discussion of translinear circuits in subthreshold MOS technology with the basic devices. A translinear element is a physical device whose transconductance and current through the device are linearly related, that is, the current is exponentially dependent to the controlling voltage. A two terminal p-n junction (diode), with its exponential I-V characteristics, is a translinear element and used often as an example in circuits [3] . Voltage gated, ion channels--conductances--are also translinear devices.
Three-terminal devices are termed "translinear" if the relationship between the current and the controlling voltage is exponential and the two terminals across which the controlling voltage is applied exhibit true diode-like behavior, i.e., increasing the voltage on one terminal is exactly equivalent to decreasing the voltage on the other terminal by the same amount. In this case, a loop of such devices consists of voltage drops across pairs of control terminals and we exploit the linear transconductance-current relationship. Bipolar transistors have both properties whereas MOSFETs do not.
The large-signal device model equations for both the bipolar transistor and MOSFET in subthreshold are discussed in Appendix A where the approximations made during their derivations are clearly stated and the symbols are defined. In the active-forward region of operation, the function of a bipolar transistor as a transconductance amplifier is captured by the following equation:
where Vt = (kT/q) and Is is defined in Appendix A. The magnitude of the transconductance from the base is identical to the magnitude of the transconductance from the emitter:
We now contrast the operation of a bipolar transistor as a translinear element with that of an MOS transistor operating in subthreshold. Much like a bipolar transistor, the MOSFET in subthreshold has exponential voltage current characteristics (see Figure 1 ). There are however, two fundamental differences between MOS-FET and bipolar devices that have implications in the design of translinear circuits.
1. Unlike a bipolar transistor, the current in a MOS-FET is controlled by the surface potential, which is capacitively-coupled to the gate (front-gate) and bulk (back-gate) terminals. 2. The MOSFET, is symmetric with respect to the source and drain terminals while a bipolar is not. In summary, the MOS transistor is a four terminal device with symmetric drain and source terminals, as result of lossless channel conduction, and an isolated control potential capacitively set by one or more control gates. As we will see in subsequent sections, the latter property of the MOS transistor is a mixed blessing when the design of translinear circuits is considered.
